We present a model-based approach to analyze a heat integrated horizontal distillation system for separating mixture of light alcohols from second-generation biomass. The objective is to highlight the application of an engineering tool developed based on process system engineering methods. The tool is used to analyze and evaluate the proposed separation system and to provide guidelines with respect to specific design and process variables. The model is used to perform sensitivity analysis studies on important variables such as mass and heat transfer coefficients, interfacial area and to perform simulation studies to investigate the sensitivity system performance to heat transfer area, product purity and recovery. The objective of the sensitivity analysis of the transport coefficients is to show the effect of possible deviations on the performance of the process and to provide detailed knowledge. The analysis has shown that changes in transport coefficients do not affect the performance of the system unless there are significant deviations (>80%). Simulation studies in heat transfer area show that increased heat transfer area leads to process improvements in terms of energy consumption.
Introduction
Production of chemicals from second-generation (2G) feedstock requires gathering adequate feedstock for one central plant (Maity et al. 2015) , which can be challenging. This makes small-scale factories based on local flexible production an attractive alternative. Here, a small-scale modular separation system tailor-made for mobile refineries is explored, to enable fast and cost-effective manufacturing of customized products at various locations. Therefore, a container format that is easily configured for different products and processes is considered here. The container format allows on-site transportation to provide manufacturing anywhere, enabling the benefits of localized service delivery without duplication of equipment at multiple locations. We focus on the development of separation technology for the separation of mixtures containing light alcohols from small-scale production facilities of alcohols from 2G biomass (such as straw and wood chips). The paper deals with the application of a steady-state model that serves as a tool, which in absence of experimental data, describes adequately the separation system and perform analysis and evaluation in terms of process performance (Papadakis et al. 2018) . The proposed horizontal separation system aims at reduction of the costs (such as capital cost and operating cost) associated with conventional distillation systems and novel intensified and highly integrated designs such as reactive distillation, diabatic distillation, internally heat integrated distillation column (HIDiC) and the divided wall column (Kiss et al. 2013) . The feasibility of other horizontal distillation systems, in separating binary liquid mixtures, has been investigated by experimental and numerical simulation studies (Seok et al. 1985 , Ramirez-Gonzalez et al. 1992 . Recently, Kim et al. (2013) and Jang et al. (2015) have shown, experimentally and numerically, the potential energy savings using a diabatic rectangular horizontal column in liquid binary mixtures. The focus here is the development of a separation system that is horizontal for the separation of light alcohols from small-scale production facilities. The proposed design consists of two sections, i.e. a stripper and a rectifier. The system has no trays. Therefore, the model is rate-based. It operates in continuous mode, it can handle viscous liquids (or liquids containing solids), high-value temperature sensitive components and offers opportunities for heat integration. A steady state model based on the two-film theory of mass transfer has been previously developed and has been used to demonstrate that the model qualitatively describes the system (Papadakis et al. 2018) . This steady state model has been developed to qualitatively represent the real system and capture the gross features of it. The model has been applied in conceptual analysis studies, and it has shown the potential energy savings compared to conventional separation technologies and that the proposed distillation technology is beneficial for mixtures containing low amounts of alcohols (for example, 10 wt.%) (Papadakis et al 2018) . Here, the system and the developed model is briefly described, then the application of the model is highlighted in sensitivity analysis studies of the transport coefficients and in simulation scenarios. Finally, conclusions are made, highlighting the need of an economic model.
System description
The diabatic distillation system is illustrated in Figure 1 . It consists of two, co-axially arranged circular horizontal tubes. The inner tube operates as a stripper and is placed inside the outer one that operates as a rectifier. The feed consists of light alcohols, water and temperature sensitive compounds and enters the stripping section at reduced pressure preventing decomposition of the temperature sensitive compounds. The heavy product of the stripping section consists of water and valuable compounds and the light product consists of more light alcohols. The stripper light product is compressed and charged into the rectifying section, where the alcohols are concentrated and collected as light product, whereas the bottom product is returned to the stripper after expansion. Heat integration is thereby made possible between the rectifying and the stripping chambers. Papadakis et al. (2018) have described the development of the steady state model. The objective of the model is to describe sufficiently the fundamental phenomena taking place in the horizontal distillation system and it needs to predict qualitatively, for both chambers, the internal flow rate profiles, the temperature and the composition profiles in the vapor and liquid phases. The steady state model is to be used as a tool, which in the absence of experimental data and low technology awareness, may assist in conceptual analysis and evaluating preliminary process designs, and for comparative and optimization studies. The model developed considers the following phenomena: Rate-based separation, counter-current flow of vapor and liquid phases in both chambers, heat transfer between rectifier and stripper and compression of the stripper's exiting vapor and pressure reduction of the rectifiers (outlet) liquid. For the model development the following assumptions have been made: Vapor-liquid equilibrium is assumed only at the interface, the pressure of the rectifier and stripper is perfectly controlled, the liquid remains on the surfaces, the reflux ratio and the boil-up ratio are perfectly controlled. Heat transfer coefficient is calculated using the Chilton/Colburn correlation (Taylor, R., Krishna, 1993) . Mass transfer coefficients and interfacial area are calculated using the Bravo et al. (1985) correlation. Finally, the Wilson activity coefficient model has been applied as the thermodynamic model. The model has been constructed using segments and represented by MERSHQ (Material-Energy-RateSummation-Hydraulic-Equilibrium) equations, a reboiler and condenser (as equilibrium stages), a compressor and a valve and finally, a heat transfer model between the stripping and rectifying section (Eq. 1).
Model development

Heat Integration
Heat integration takes places between the rectifier and the stripper. The rectifier operates at higher pressure, to ensure sufficient temperature difference. The heat transferred from the rectifier to the stripper per segment j is:
Here U is the overall heat transfer coefficient in . j A is the heat transfer area in m 2 . ΔΤ j is the temperature difference between the rectifier and the stripper, = , − , (in K) and n is a factor that takes positive non-zero integer values (1,2,3,. ..). It is used to multiply the heat transfer area UA j in order to manipulate its value. For the overall heat transfer coefficient, a value of 1 has been chosen. The heat transfer area has been calculated considering that the minimum transfer area (A j ) per segment j is the surface of a stripping segment j.
Case study: Ethanol-water mixture
The mixture of ethanol-water has been selected to highlight the application of the developed steady-state model for the horizontal distillation system. That mixture is common after fermentation of 2G biomass together with temperature sensitive compounds (such as enzyme), although such compounds are not considered in this simplified treatment. Table 1 lists the values of the variables specified to solve the model. 
Sensitivity analysis-Transport coefficients
The objective here is to show the effect of the transport coefficients that dictate the mass transfer between the rectifying and stripping section in the distillation system. Due to the lack of mass and heat transfer correlations or experimental data to develop those correlations for the horizontal distillation system, mass (Bravo et al. 1985) and heat (Taylor, R., Krishna, 1993) transfer correlations that have been developed for distillation systems have been used to calculate the transport coefficients. The applied correlations consider distillation systems with packing material, and are used to calculate the transfer rate equations between the vapor and liquid phases in the rectifying and stripping sections. The transport coefficients investigated here are mass transfer coefficients for the vapor and liquid phase (k L , k V ), heat transfer coefficient (h) and interfacial area (α). Figures 2-3 show the effect of the above-mentioned variables on reflux and boil-up ratio (which are related to energy requirements) in the stripping and rectifying section respectively, while the light product flowrate, recovery and purity have been kept constant. The x-axis of the Figures 2 and 3 More specifically, the analysis of the heat transfer coefficient in the stripper and rectifier shows that its effect is negligible for changes up to 95% while higher changes might slightly increase the energy required. Similar observations are made for the interfacial area and the liquid mass transfer while big changes in vapor mass transfer coefficient especially in the stripping section might lead to an increased energy consumption. 
Model application-Simulation studies
Recovery ratio and product purity
The specific separation system is intended for separation of mixtures containing light alcohols, in small quantity, from heavier substances (e.g. water) in presence of valuable, temperature sensitive components such as enzymes. Therefore, it is valuable to investigate the dependence of the light alcohols recovery in the stripper and the light alcohols purity in the rectifier. For the ethanol-water mixture, Figure 4 shows the effect of changes in the specifications (recovery and purity) to operational parameters (reflux and boil-up ratio) as well as to performance criteria such as the energy requirements. Figure 4a shows that the boil-up rate remains almost constant for different product purities in the rectifier, but higher values of boil-up ratios are required when higher recovery ratios in the stripper are required. Similar observations are shown in Figure 4c and 4d for the energy requirements. Figure 4b shows that the reflux ratio decreases when the recovery ratio is decreased. Moreover, it also shows that the reflux is decreased when the specified ethanol purity is decreased due to lower internal flows. 
Heat transfer area
An important design parameter is the heat transfer area between the rectifier and the stripper. The calculation of the heat transfer area has been explained briefly in Section 3.1. The variable n has been added in the model (Eq. 1) to show the effect of the heat transfer area on the performance of the system in terms of operational variables and energy requirements. Figure 6 illustrates such analysis for n = 1, 2, and 3. It is clearly seen that for a specified high ethanol recovery ratio in the rectifier (0.99999) the energy requirements for higher heat transfer areas have been decreased. It is also seen that the operational variables (Figure 6a and 6b) have been significantly decreased, which means that further increase of the heat transfer area might be unrealistic from an operational point of view as boil-up and reflux ratio will have very low values to achieve the separation objectives. 
Conclusions
In this paper, an adiabatic horizontal distillation system, intended for small-scale separations of chemicals from 2G bio-refineries and a steady state model that provides a meaningful description, in absence of experimental data, has been described. The model has been applied in sensitivity analysis of the transport coefficients and it has been shown that the effect of the heat transfer coefficient, the interfacial area and the liquid mass transfer and changes below 60% of the initial vapor mass transfer coefficient value are negligible. The model has also been applied in simulation studies evaluating the operational variables and performance criteria for different process specifications. Previously, potential improvements in terms of energy requirements reduction over conventional separation schemes in mixtures containing small amounts of light alcohols have been shown as proof of concept studies (Papadakis et al. 2018 ). Finally, an economic model taking into account the capital cost of the system including a compressor, a condenser and a reboiler as well as the operational costs is required. The economic model in combination with the steady state model will be used in process optimization with the objective to minimize the total costs subject to heat transfer area and compression ratio. Finally, complementary work has been planned to investigate the dynamics and the operability of the process.
